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SERIES LED BACKLIGHT CONTROL CIRCUIT 
REFERENCE TO RELATED APPLICATION 
[0001] This application claims the benefit of U.S. Provisional Application No. 
60/261760, filed Jan. 16, 2001, titled "AM LCD LED Backlighting Navigation Radio 
Display" which is incorporated herein by reference. 

BACKGROUND 

[0002] This invention relates generally to the field of light emitting diode ("LED") 
circuits, and more specifically to the fields of control circuits for backlighting of LCDs 
and other devices, where the LED circuit is fault tolerant. 

[0003] Backlighting for active matrix liquid crystal displays ("AM LCD") typically 
uses a cold cathode fluorescent lamp ("CCFL") device. CCFL devices tend to have 
high back lighting efficacies. CCFL devices have numerous drawbacks. For 
example, CCFL devices may contain Mercury, a highly dangerous substance that 
has been banned from many AMLCD applications. CCFL devices may have poor 
efficacy at lower temperatures, which requires additional circuitry such as a heater 
element or a boost current circuit. CCFL devices may have a non-linear efficacy 
curve with respect to temperature. CCFL devices may require an inverter to drive 
the CCFL device. CCFL devices may require complex control schemes, including 
light sensors and temperature sensors to provide adequate dimming ratios for night 
time operations. CCFL devices may have a short life expectancy, especially at 
lower operating temperatures, and may require additional electro-magnetic 
interference ("EMI") shielding and electric filtering. 

[0004] Alternatives to CCFL devices for back lighting an AMLCD include Xenon- 
based devices. Xenon-based backlighting circuits do not contain Mercury, have 
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superior low temperature life expectancy and low temperature operational 
characteristics, and have less phosphor degradation than CCFL devices. However, 
Xenon lamps tend to be relatively expensive and require complex control circuitry. 
Xenon lamps have low efficacy. For example, a Xenon lamp with twice the diameter 
may provide only half the brightness of a mercury-based CCFL lamp. Because the 
efficacy of the Xenon lamp may be less than half of a CCFL lamp, the additional 
power needed to power a Xenon based circuit creates a problem of power 
consumption. While Xenon lamps correct many of the problems of the CCFL lamp 
technology, the Xenon lamp technology creates many new problems. Thus, there is 
a need in the LCD field to create a new and useful back light device and drive circuit. 

SUMMARY 

[0005] A light emitting diode control circuit provides a plurality of series light 
emitting diodes (LEDs) that are fault tolerant, temperature compensated, and 
temperature derated. The series LEDs may be used to backlight an LCD in such 
applications as laptop computers, personal digital assistants, cellular telephones and 
automotive applications. An optional luminance compensation circuit adjusts the 
current through the LEDs as a function of an LED temperature to maintain a 
substantially consistent LED intensity. An optional temperature derating circuit 
reduces the current through the LEDs when the temperature reaches a threshold. 
The LED temperature may also be provided externally via a temperature output 
signal. 

[0006] The foregoing discussion has been provided only by way of introduction. 
Nothing in this section should be taken as a limitation on the following claims, which 
define the scope of the invention. 
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BRIEF DESCRIPTION OF THE DRAWINGS 
[0007] The components in the figures are not necessarily to scale, emphasis 
instead being placed upon illustrating the principles of the invention. Moreover, in 
the figures, like reference numerals designate corresponding parts throughout the 
different views. 

[0008] FIGURE 1 illustrates a block diagram of a series LED control circuit; 
[0009] FIGURE 2 illustrates a block diagram of a series LED control circuit; 
[00010] FIGURE 3 illustrates a circuit diagram of a series LED control circuit; and 
[00011] FIGURE 4, illustrate a flow diagram of a method of controlling a series 
light emitting diode array. 



DETAILED DESCRIPTION 

A. DEFINITIONS 

[00012] AMLCD - Active matrix Liquid Crystal Display. 
[00013] CCFL - Cold cathode fluorescent lamp. 

[00014] CCFL inverter - A circuit that provides the necessary voltage and current 
to properly control the light output of a LCD CCFL light output. 
[00015] LCD - Liquid crystal display. 

[00016] Efficacy - The conversion efficiency of converting Watts into lumens 
(lumens/watt) 

[00017] LED - Light emitting diode. 

[00018] Lumen - A unit of light power useful to the human eye and defined as the 
spectral luminous efficacy for monochromatic light at the peak visual response 
wavelength of 555 nm. 
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[00019] NIT - A unit of luminance for light reflected, transmitted, or emitted by a 
diffusing surface. 

[00020] PWM - Pulse width modulation. 
B. INTRODUCTION 

[00021] The improved LED circuit provides backlighting for AMLCDs with 
numerous LEDs, eliminating many of the problems associated with CCFL and 
Xenon systems. The improved LED circuit also provides improved LED control for 
other applications. The LEDs are configured in series with a diode or similar device 
in parallel to provide fault tolerance. A current sampling circuit detects the current 
flowing through the LEDs and adjusts the LED input voltage accordingly. 
[00022] An optional temperature compensation circuit may be used to maintain 
the desired luminance of the LEDs as a function of the temperature of the LEDs. An 
optional temperature derating circuit may be used to reduce the LED current when 
the LED temperature exceeds a temperature threshold. The temperature derating 
circuit may increase the life expectancy of the LEDs. 

[00023] Such an LED circuit may be used in systems for backlighting LCDs. Such 
systems may be used in automotive applications, computer applications including 
laptop computers, personal digital assistances, cellular telephones, and others. A 
backlighting system with multiple LEDs connected in a series configuration instead 
of in a parallel configuration has less power dissipation. Such system may have 
approximately 25% less power dissipation. This is especially important for battery 
operated devices, such as laptops PDA, cellular telephone, etc., and devices with 
limited heat dissipation capabilities. 
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[00024] The following description of the invention is not intended to limit the scope 
of the invention, but rather to enable any person skilled in the art to make and use 
the invention. 

C. THE LIGHT EMITTING DIODE CIRCUIT 

[00025] Figure 1 illustrates a fault tolerant series LED system 100. The LED 
system 100 may include an array of LED connected in series and parallel elements 
connected in parallel with the LEDs 1 10, a current monitor 120, a voltage converter 
108, and an optional temperature derating and brightness circuits. The optional 
temperature derating and brightness circuits may include a temperature sensor 122, 
an amplifier 124, a display luminance microprocessor 102, and a temperature 
derating circuit 106. The LED system 100 may include only some of these 
components, other components, and/or equivalent components. 
[00026] The LED array 110 may include a plurality of LEDs 1 16 and 118 
connected in series. The LEDs may include white or colored LEDS, such as red, 
green, blue, or another colored LEDS, or a combination of different types of LEDs. 
While Figure 1 illustrates only two LEDs in the LED array 110, the LED array 110 
may have any number of LEDs, for example 2 to 50,000 LEDs or more. The parallel 
elements 112 and 114 provide fault tolerance for open circuits in the series LEDs. 
An open circuit may be caused by a failed LED, a failed solder connection, or other 
failure. The parallel elements 112 and 114 are each connected in parallel with one 
or more LEDs to provide fault tolerance. Some sapphire-based LED have zener 
diodes included in the package for electrostatic discharge protection purposes. In a 
first embodiment, each parallel element 112 and 114, respectively is connected in 
parallel with a single LED 116 and 118, respectively, as illustrated in Figure 1 . In a 
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second embodiment, some or all of the parallel elements 112 and 1 14 are 
connected in parallel with more than one LED. For example, each parallel element 
could be connected in parallel with five LEDs, such that if any of the five LEDs fail by 
an open circuit, the parallel element will route the current around all five LEDs. This 
allows for fewer parallel elements, however, such parallel element would need to 
have a higher voltage drop, approximately five times larger than the parallel 
elements in the first embodiment. In other examples of the second embodiment, the 
parallel element may be in parallel with two, three, four or more LEDs. The parallel 
element may be a zener diode or other circuit. A parallel element and a LED may be 
packaged together as a single unit. For example, some sapphire-based LEDs have 
zener diodes included in the package for electrostatic discharge protection 
purposes. The LED array 110 could include a plurality of such packages connected 
in series. 

[00027] The LED system 100 may operate with various supply voltages, for 
example 1 volt to 45 volts. The LED system 100 may operate at automotive power 
levels, for example, approximately 12-14 volts. The LED system 100 may be a band 
limited low electromagnetic interference circuit. 

[00028] When an LED 1 16 or 1 18 fails, the parallel element 1 12 or 1 14 connected 
in parallel with the LED will be activated and route the current flows around the failed 
LED, thus allowing the remaining LED to operate properly. The failure may be 
caused by an LED failure, a solder joint failure or other type failure. The parallel 
elements 112 and 114 may be in an inoperative state until an LED fails. Thus, the 
parallel elements 1 12 and 1 14 would consume little or no power until an LED failed. 
Once an LED fails, the parallel element 1 12 or 1 14 would be activated. 
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[00029] The parallel elements 112 and 114 may comprise a circuit such as a 
zener diode or other device. The parallel elements 112 and 114 may be connected 
is series with esich other or may simply be connected in parallel with one or more 
LEDs. The parallel elements 112 and 114 may be any circuit or circuits that pass 
little or no current at the LEDs' 116 and 118 normal operating voltage range and 
pass current at voltages larger than the LEDs' 116 and 118 normal operating voltage 
range. For example, parallel elements 112 and 114 may be a zener diode with a 
turn-on voltage larger than the LEDs' 116 and 118 normal operating voltage range. 
Alternatively, the parallel elements 112 and 114 may be a transistor biased with two 
resistors to turn on the base-emitter junction when the voltage from the collector-to- 
base exceeds the LEDs' 116 and 118 normal operating voltage range. 
[00030] The voltage converter 108 may be a high voltage converter or other 
device that provides an adjustable output DC voltage. The voltage converter 108 
adjusts the output voltage such that the current through the LEDs 116 and 118 
remains substantially constant in proportion to the commanded current signal. That 
is, the LED current level will change when the display luminance is changed. The 
voltage converter 108 generates an output voltage as a function of a supply voltage 
104, a current flow signal from the current monitor 120, and/or a commanded LED 
current signal from the display luminance microprocessor 102 as modified by an 
optional temperature derating circuit 106. 

[00031] The microprocessor 102 determines the appropriate LED current that 
corresponds to the user's commanded luminance. The microprocessor 102 modifies 
the LED current as a function of the LED temperature to account for the LED 
efficacy changes as the LED temperature changes. The temperature derating circuit 
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106 may optionally derate the LED current if the LED temperature becomes too hot. 
In a system 100 with both a temperature compensation circuit, e.g. the 
microprocessor 102, and a temperature derating circuit 106, the temperature 
derating circuit 106 may override the commanded current signal from the 
microprocessor 102 when the LED temperature becomes too hot. 
[00032] The voltage converter 108 may include a pulse width modulation 
converter controller IC, a digital signal processor (DSP), or other type of circuit. The 
voltage converter 108 provides a current to the LEDs to drive the LEDs at a 
commanded current generated by the microprocessor 102. The voltage converter 
108 may use a current flow signal, also called a current feedback signal, from the 
current monitor 120 to maintain the commanded current level. When the LED array 
110 has an open circuit due to an LED failure or an LED solder joint failure, the 
voltage converter 108 detects that no current is passing through the circuit and will 
increase the voltage, possibly creating an over-voltage condition. Thus, the parallel 
elements 112 and 114 help to prevent such an over-voltage condition in the voltage 
converter 108 by providing a bypass path. 

[00033] The current monitor 120, also called a current sampling circuit or an LED 
current sample resistor, provides a current flow signal to the voltage converter 108. 
The voltage converter 108 uses this signal to determine the optimal voltage to 
supply the LEDs to maintain the desired LED current. Since the optimal LED 
voltage varies as function of temperature and from device to device, the luminance 
needs to be sampled to determine the LED's current, which is proportional to the 
LED luminance. Generally, as an LED heats up the LED generates less luminance 
for a fix current flow through the LED. An LED tends to generate more luminance 
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when more current flows through the LED. The current monitor 120 may be a 
resistor connected between the series LEDs and ground. The signal from the 
current sampling circuit may be the voltage drop across the resistor. 
[00034] When an LED 116 fails that causes an open circuit in the LED series 
circuit, either by an LED burn-out or an open circuit, or a solder joint failure, the 
current flow signal from the current monitor 120 indicates that an open circuit has 
occurred. The voltage converter 108 then increases its output voltage in an attempt 
to maintain the desired current through the LEDs 116 and 118. As the voltage 
converter's output voltage is raised, the parallel element 112 that is connected in 
parallel with the failure will turn on and providing a current bypass of the failure. By 
bypassing the failure, the remaining LED 118 continues to operate correctly. While 
an LED failure by a short is an unlikely failure, such a failure will not prevent the 
other LED from remaining on at the desired luminance. The current monitor 120 will 
compensate for the reduced load when an LED shorts out. Thus, the brightness of 
the other LED is unaffected by the shorted or opened LED. 
[00035] Because LED's luminance or efficacy changes as a function of 
temperature, a temperature compensation system is desirable to maintain the 
desired luminance across a range of temperatures. Since the relationship between 
an LED*s luminance and temperature is not necessarily linear, a display luminance 
microprocessor 102, also called a temperature compensation circuit, may be used to 
more accurately control the LED's luminance. Maintaining consistent LED 
luminance is especially important for night time applications, such as in automobiles, 
laptop computers, personal digital assistances, and cellular telephones. Also, as an 
LED's temperature increases, the LED f s life expectancy may decrease. 



• # 

10541/466 

[00036] The optional temperature derating system may include a temperature 
sensor 122, an amplifier 124, and/or a temperature derating circuit 106. 
Alternatively, the derating function may be accomplished by the microprocessor 102. 
When the LED temperature exceeds a temperature threshold, the temperature 
derating circuit 106 reduces the current flowing through the LEDs to prevent LED 
burnout. 

[00037] The temperature sensor 122, also called an LED temperature sensing 
device or a temperature resistor or a temperature monitoring circuit, may be a 
temperature sensitive device thermally and/or electrically connected with a cathode 
terminal of an LED. The temperature sensor 122 may measure the solder 
temperature near the cathode terminal. The LED's temperature may be inferred 
from the solder temperature. This temperature may be used to compensate and/or 
derate the LED array. The solder temperature may be converted into an ambient 
temperature, which can be used to derate the LED from the LED's specification 
sheets. The temperature signal may be sent to the amplifier 124 then to the display 
luminance microprocessor 102 and the temperature derating circuit 106. The 
display luminance microprocessor 102 sends a "commanded current" signal to the 
temperature derating circuit 106 based on the amplified temperature signal. 
[00038] Figure 2 illustrates a block diagram of a series LED control circuit 200. 
The LED control circuit 200 adjusts the current provided to the LEDs 210 based on 
an LED temperature. As an LED heats up, the brightness decreases at the same 
current. Thus, to maintain consistent brightness as an LED heats up, the LED's 
current must be increased. Since the relationship between the temperature and the 
LED's brightness is not linear, a software solution may be desirable. 
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[00039] A command brightness signal 202 that indicates the desired brightness of 
the LED 210 is received by the microprocessor 204. A microprocessor 204 then 
uses a digital temperature signal from the A/D converter 216 to determine the 
appropriate temperature correction factor from the temperature correction factor 
table 206. The microprocessor 204 sends an adjusted brightness signal to the 
series LED drive circuit 208. The adjusted brightness signal may be a PWM signal. 
The temperature of the LED 210 is measured by a thermal resistor 212, labeled "Rt." 
The temperature compensation and control circuit 214 receives the temperature 
measurement from the thermally sensitive resistor 212. The temperature signal is 
then converted in a digital signal by an A/D converter 216 and sent to the 
microprocessor 204. 

[00040] Figure 3 illustrates a circuit diagram of an embodiment of a series LED 
system. The LED system 300 may include an LED array 306, a voltage converter 
304, a brightness control circuit 308, a temperature derating circuit 310, and a 
temperature monitoring circuit 312. 

[00041] The brightness control circuit 308 receives a brightness signal at node 
302 and controls the brightness of the LED array 306. The brightness signal may be 
a desired brightness level for the LED array 306, for example daytime brightness or 
night time brightness in an automotive radio display. The operational amplifier U2 is 
configured as a differential amplifier where the ratios of the operational amplifier's 
resistors are substantially balanced. That is, R12/R1 1 = R10/R9. When the ratios of 
the operational amplifier's resistor R12/R1 1 and R10/R9 are both substantially equal 
to one, the differential gain of the operational amplifier U2 is substantially unity. 
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[00042] The input node 302 of the LED circuit 300 may receive an input signal 
from a microprocessor or other controller. The input signal may be a pulse width 
modulated ("PWM") signal, a DC voltage signal, or other type of signal. A PWM 
input signal controls the intensity of the LED based on the duty cycle and/or the 
voltage level of the input signal. Generally, as the duty cycle of the input signal 
increases, the LEDs become brighter. A DC voltage input signal controls the 
intensity of the LED based the voltage level of the input signal. Generally, as the 
voltage level at the input node 302 increases, the LEDs become brighter. 
[00043] The temperature derating circuit 310 derates the current supplied to the 
LED array 306 when the LED temperature increases beyond a threshold. Derating 
the LED array 306 current prolongs the life expectancy of the LEDs. The output of 
the operational amplifier U4 is at substantially ground when no temperature derating 
is required and the operational amplifier U2 passes the brightness signal from input 
node 302 with the gain set by the ratios of the resistors R9-R12, which may be a 
unity gain. The brightness signal may be a steady DC voltage, a pulse width 
modulated signal, or an other type of signal. 

[00044] The derating operational amplifier U4 normally operates in a rail-to-rail 
mode. When the LED array 306 is operating in a normal operating temperature 
range, the output of the derating operational amplifier U4, known as the temperature 
derating level, is substantially ground. As the temperature of the LED array 306 
increases, the temperature derating level increases after a predetermined LED 
threshold temperature is reached. Since the thermal resistor RT1 is thermally 
connected with the same thermal plane as the LED array 306 is heat sunk to, the 
resistance of the thermal resistor RT1 varies as a function of the temperature of the 
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solder near the cathode terminals of the LEDs. The thermal resistor RT1 , also 
called a temperature sensor, has a resistance that varies as a function of a 
measured temperature. For example, the thermal resistor RT1 may be a model 
KT230 available from Infineon Technologies A.G. The model KT230 is a 
temperature dependent resistor with a resistance tolerances of +/-3% at 1 ,000 
Ohms, a temperature range of -50 degree Centigrade to +150 degree Centigrade, 
and is available in SMD or leaded or customized packages. The model KT230 has a 
linear output, a positive temperature coefficient, a long term stability, a fast 
response time, and is polarity independent due to symmetrical construction. Other 
commonly available temperature sensors, such as models LM135 and LM50 from 
the National Semiconductor, Inc., may also be used. 

[00045] When the operational amplifier U2 receives an output voltage greater than 
zero volts from the derating operational amplifier U4 through resistor R1 1 , the output 
voltage acts as a negative offset to the input voltage at the input node 302. The 
LEDs then become less bright as the temperature increases. For example, if the 
brightness signal at the input node 302 is 5 VDC and the temperature derating level 
is 1.5 V, the output of the operation amplifier U2 is substantially 3.5 V. The 
temperature derating circuit 310 may shut off the LED array 306 if the measured 
temperature reaches a predetermined temperature threshold. 
[00046] The temperature monitoring circuit 312 provides a temperature output 
signal at output node 310 that indicates a temperature associated with the LED array 
306. The LED temperature output signal may be a function of the LED temperature 
as measured by the thermal resistor RT1 . The thermal resistor RT1 may be used for 
the temperature monitoring circuit 312 and the temperature derating circuit 310. The 
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temperature monitor amplifier U3 monitors a voltage difference between a first 
voltage divider circuit R19 and R20 and a second voltage divider circuit R17 and 
RT1. The output of the temperature monitor amplifier U3 is connected with the 
output node 310. 

D. EXAMPLE EMBODIMENT OF THE LED CIRCUIT 

[00047] The LED system 300 of Figure 3 may include components as indicated in 
Table 1 . Other types of components and components of different values may also 
be used in the LED system 300 as will be apparent to one of skill in the art. 
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Ref. 


Description 


LED1-4 


Light emitting diodes (LEDs). For example, a white LED from Infineon 
model LW E673 or LW E67C, red LED model LSA677-Q, green LED 
model LTA673-R24, or a blue LED LBA673-N24 all from Infineon 
Technology AG. 






U2-4 


Operational amplifiers, for example a model LMV321 available from 
National Semiconductor Corp. or a model TLC 2274 Rail-to-Rail 
Operational Amplifier available from Texas Instruments, Inc. 






VR1-4 


Zener diodes, for example a 5.1V zener diode. 






R9-21 


Resistors, for example a 20K Ohms resistor. Other resistance values 
may also be used, for example, 200 to 200K Ohms. 


RT1 


A resistor with a temperature dependant resistance, for example 
KT230 available from Infineon Technology A.G. 


Rs 


A resistor, for example a 165 Ohm resistor. 



[00049] TABLE 1 



E. Method Of Controlling LEDs 

[00050] Referring to Figure 4, a method 400 of controlling a series light emitting 
diode array is illustrated. In block 402, the temperature of the light emitting diode 
array is monitored. In block 404, the LEDs are temperature compensated. The 
current to the light emitting diode array is adjusted as a function of the monitored 

14 



10541/466 

temperature to maintain consistent LED luminance. Because as an LED's 
temperature increases the LED's luminance decreases, as the LED's temperature 
increase, the current through the LED needs to be increased to maintain consistent 
luminance. 

[00051] In block 406, the LEDs are temperature derated. If the LED temperature 
exceeds a temperature threshold, for example, 55 degrees Celsius, the input current 
to the LED array is reduced. The temperature threshold may vary depending on the 
type of LED, the application, and other considerations. Temperature derating 
reduces the likelihood of LED burn out and may be used only when the LED is near 
the brink of a burn out. The method 400 may be run constantly or may be run 
periodically. Portions of the method 400 may be performed with hardware, software, 
or a combination of hardware and software. 

F. Application of the LED Backlighting System 

[00052] The LED devices and systems describe above may be used in a variety 
of systems including an LCD backlighting display unit adapted for an automotive 
application. Such a backlighting display unit may include a liquid crystal display, a 
plurality of light emitting diodes connected in a series configuration, and a plurality of 
parallel elements connected in parallel with the light emitting diodes such that 
current is routed around a light emitting diode with a failure when the failure 
comprises an open circuit. 

[00053] As a person skilled in the art will recognize from the previous description 
and from the figures and claims, modifications and changes can be made to the 
preferred embodiments of the invention without departing from the scope of the 
invention defined in the following claims. 
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